Design: Abnormalities in glucose homeostasis have been described in patients with primary aldosteronism (PA) but most studies show inconsistent results. Therefore, we aimed to compare the prevalence of type 2 diabetes mellitus and metabolic syndrome (MetS) in newly diagnosed PA patients to a matched control cohort of the background population. Methods: In total, 305 PA patients of the prospective German Conn's Registry were compared to the population-based Study of Health In Pomerania (SHIP1; nZ2454). A 1:1 match regarding sex, age, and BMI resulted in 269 matched pairs regarding type 2 diabetes and 183 matched pairs regarding MetS. Of the total, 153 PA patients underwent oral glucose tolerance testing (OGTT) at diagnosis and 38 PA patients were reevaluated at follow-up. Results: Type 2 diabetes and MetS were significantly more frequent in PA patients than in the control population (17.2% vs 10.4%, PZ0.03; 56.8% vs 44.8%, PZ0.02 respectively). Also, HbA1c levels were higher in PA patients than in controls (P!0.01). Of the total, 35.3% of non-diabetic PA patients showed an abnormal OGTT ( 1 ⁄ 4 newly diagnosed type 2 diabetes and 3 ⁄ 4 impaired glucose tolerance). PA patients with an abnormal OGTT at baseline presented with significantly improved 2 h OGTT glucose (PZ0.01) at follow-up. We detected a negative correlation between 2 h OGTT glucose levels and serum potassium (P!0.01). Conclusions: Type 2 diabetes and MetS are more prevalent in patients with PA than in controls matched for sex, age, BMI, and blood pressure. This may explain in part the increased cardiovascular disease morbidity and mortality in PA patients.
Introduction
Primary aldosteronism (PA) has been reported with increasing frequency and accounts for w4.3 and 9.5% of the respective hypertensive population in primary care and referred patients, leaving PA as the most common form of secondary hypertension (1) . In recent years, several studies have shown that comorbidities and mortalities are increased in PA patients compared to primary hypertensive patients (2, 3) . This was related to the detrimental effect of aldosterone itself in combination with the high-salt content of the current Western diet (4, 5) .
It is well known that the prevalence of obesity, diabetes, hypertension, and cardiovascular and chronic kidney disease are increasing worldwide. Obesity, insulin resistance and hypertension commonly cluster with other risk factors for cardiovascular or chronic kidney disease to form the metabolic syndrome (MetS), which is associated with increased cardiovascular disease morbidity and mortality (6) . It is well established that inhibitors of the reninangiotensin-aldosterone system (RAAS) reduce cardiovascular ischemic events and mortality (7, 8) . Treatment with angiotensin-converting enzyme inhibitors and angiotensin II receptor blockers also results in a significant reduction in cardiovascular (CV) events (10%) and mortality (17%) in hypertensive patients with diabetes mellitus (9) . Furthermore, blocking the RAAS shows a significant 20% risk reduction in the incidence of new onset diabetes (10) .
PA is now named as a risk factor and an endocrine cause of diabetes mellitus by the Expert Committee on Diagnosis and Classification of Diabetes Mellitus (11) . Previous studies have described abnormalities in glucose homeostasis and metabolism in patients with PA (12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22) ; however, they often showed inconsistent results due to limitations in sample size, lacking of a matched control group, or nonstandardized diagnosis of PA. Nevertheless, there is growing evidence that aldosterone is involved in the pathogenesis of insulin resistance and MetS (23, 24) . This may even be the case in subjects without PA. In a recent study, with 356 patients with essential hypertension and 102 normotensive control subjects of comparable age and BMI, a positive association with increasing plasma aldosterone levels was demonstrated for plasma glucose, insulin, C-peptides, and homeostasis model assessment (HOMA) (20) . This relationship might contribute to the increased cardiovascular risk of high aldosterone levels, besides its detrimental effects on blood vessels and tissues.
In a previous study, Reincke et al. (25) reported that patients from the German Conn's Registry with confirmed PA had a higher diabetes prevalence than comparable hypertensive controls from a population-based study in south Germany. Yet, in that study only retrospective data of PA patients was analyzed and the diabetes prevalence was compared to a study located in a region within Germany with a low diabetes prevalence (26) .
We therefore aimed to compare the prevalence of type 2 diabetes mellitus and MetS in the prospective patients of the German Conn's Registry with participants from the population-based Study of Health In Pomerania (SHIP1), located in northeast Germany, a region with a high diabetes prevalence (26) . Moreover, in a subsample, we analyzed whether therapy initiation (adrenalectomy or mineralocorticoid receptor antagonist therapy) improves the metabolic situation in patients with PA.
Methods

Study populations
The investigations in the patient-based (Multicenter Evaluation of Primary Hyperaldosteronism Diagnostic Testing, Subdifferentiation, Therapy, Outcome and Genetics (MEPHISTO)) and the population-based (SHIP1) studies were carried out in accordance with the Declaration of Helsinki, including written informed consent of all participants.
The MEPHISTO study " MEPHISTO is the prospective phase of the German Conn's Registry, which was established in 2008. The cohort of this study was recruited between August 2008 and August 2013. The Conn's Registry documents prospectively diagnosis, treatment, and disease progress of patients with PA in Germany (27) . The diagnostic criteria for PA required for inclusion in the registry are based on the guidelines of the Endocrine Society (28). All PA patients had an elevated aldosteroneto-renin ratio (ARR) and an abnormal confirmatory test (saline infusion test, fludrocortisone suppression test, captopril test, or oral salt loading test with demonstration of elevated excretion of aldosterone and its metabolites in urine). Adjustment of medication prior to screening and confirmation was performed whenever possible, with b-blockers, central a-2 agonists, angiotensin-converting enzyme inhibitors, angiotensin receptor blockers, and diuretics withdrawn for at least 1 week, and mineralocorticoid antagonists at least for 4 weeks. The diagnosis of PA was centrally verified by review of all available data. Imaging and venous adrenal sampling were applied to differentiate into uni-or bilateral aldosterone excess (29, 30) . Further details on the registry are given elsewhere (27) . For the present study, all 305 prospective patients of the MEPHISTO study between 2008 and 2012 were included.
To determine whether type 2 diabetes mellitus or MetS are more frequent among the 305 prospective PA patients than among subjects without PA, the respective proportions were compared between 1:1 matched pairs of MEPHISTO patients and SHIP1 controls. For the comparison of the type 2 diabetes proportions, MEPHISTO patients with type 1 diabetes mellitus or missing information on diabetes mellitus (nZ3) and all patients with missing information in one of the matching factors sex, age, BMI, or blood pressure (nZ33) were excluded. This resulted in a study population of 269 subjects. For the comparison of the MetS proportion, we additionally excluded all subjects with missing information on the MetS, its components, or LDL-cholesterol (nZ86), which resulted in a study population of 183 subjects.
Among the 305 prospective MEPHISTO patients, glucose metabolism was further assessed in 153 patients from three centers (Munich, Berlin, and Wuerzburg) by laboratory measurements and oral glucose tolerance testing (OGTT) according to the American Diabetes Association (31) . To establish factors associated with abnormal glucose metabolism, these 153 patients were divided into three groups according to their OGTT results: normal glucose tolerance (2 h serum glucose levels !7.8 mmol/l), impaired glucose tolerance (IGT, 2 h serum glucose levels 7.8-11.1 mmol/l), or type 2 diabetes (2 h serum glucose levels O11.1 mmol/l). Moreover, to assess the impact of hypokalemia on glucose metabolism, the OGTT results were compared between patients with hypo-and normokalemia in 152 patients with serum potassium levels. One year after initiation of PA therapy, patients without type 2 diabetes at baseline were invited to perform a second OGTT and 38 subjects agreed to this examination. Markers of glucose metabolisms were compared between baseline and follow-up visit in these 38 subjects as well as in eight subjects who presented with type 2 diabetes at baseline.
The SHIP study " SHIP is a longitudinal, populationbased study in northeast Germany. Study design and methods have been described previously (32, 33) . Briefly, from a representative population sample of 7008 adult men and women, 4308 subjects participated in the baseline examinations between 1997 and 2001. In the first 5-year follow-up examination (SHIP1) between 2002 and 2006, 3300 subjects participated.
For the present study, we used data from SHIP1, as the plasma aldosterone concentration (PAC) and the plasma renin concentration (PRC) were not measured in the baseline study. The SHIP1 examination program comprised standardized medical examinations, including measurements of height, weight, waist circumference, blood sampling, and an extensive computer-aided personal interview. Medication intake was recorded and classified using the Anatomical Therapeutic Chemical Classification System (ATC) code. Systolic and diastolic blood pressures were measured three times on the right arm of seated participants using a digital blood pressure monitor (HEM-705CP, OMRON Corporation, Tokyo, Japan). For statistical analyses, the mean of the second and third measurements was used. OGTTs were not performed.
To obtain a sample of healthy controls, we selected 2479 subjects with PAC, PRC, and ARR within the studyspecific reference range (34) . From the 2479 subjects, we excluded those with type 1 diabetes mellitus, missing information on diabetes mellitus or MetS (nZ15), missing information in one of the matching factors sex, age, BMI, or blood pressure, missing information in the estimated glomerular filtration rate (eGFR) or the serum potassium concentration (nZ6), and all pregnant women (nZ4), which resulted in a study population of 2454 subjects.
Definitions and laboratory measurements
In both studies, type 2 diabetes was defined when subjects reported either a respective physician's diagnosis or had an HbA1c R6.5%. Type 2 diabetes was further defined in MEPHISTO patients who had fasting serum glucose concentrations R7.0 mmol/l or a respective OGTT result (2 h serum glucose concentration O11.1 mmol/l), and in SHIP1 participants with non-fasting serum glucose concentrations R11.1 mmol/l or intake of antidiabetic medication.
The MetS was defined based on the criteria by Alberti et al. (35) . For SHIP1, this definition had to be adapted to compensate for the non-fasting blood sampling conditions. When subjects fulfilled at least three out of five diagnostic criteria, the MetS was present. These criteria include a waist circumference R94 cm in men or R80 cm in women; antidiabetic treatment or fasting glucose R5.6 mmol/l (MEPHISTO) or non-fasting glucose R8 mmol/l (SHIP1); HDL-cholesterol !1.0 mmol/l in men or !1.3 mmol/l in women; lipid-lowering treatment or fasting triglycerides R1.7 mmol/l (MEPHISTO), or nonfasting triglycerides R2.3 mmol/l (SHIP1); antihypertensive treatment, or systolic blood pressure R130 mmHg, or diastolic blood pressure R85 mmHg.
In both studies, BMI was calculated as weight (kg)/height 2 (m 2 ). Hypokalemia was defined as serum potassium concentrations !3.5 mmol/l. The eGFR was calculated according to the four-variable modification of diet in renal disease formula. Laboratory measurements in MEPHISTO were performed decentralized in each study center. The patients were instructed to fast for at least 8 h before the examinations. All blood samples were taken in the mornings between 0800 and 1000 h from the cubital vein. Patients who performed baseline and/or follow-up OGTT drank 75 g glucose dissolved in 300 ml water after the fasting blood sample was taken. One and 2 h after glucose loading, second and third blood samples were taken respectively in which glucose and insulin concentrations were measured (36) . Circulating aldosterone concentrations were measured as previously described (37) .
Laboratory measurements in SHIP1 were performed centralized in a single laboratory. Blood samples were taken from the cubital vein of non-fasting participants in the supine position between 0800 and 2000 h. PAC and PRC were measured in EDTA plasma (PAC: Coat-A-Count Aldosterone, Siemens Healthcare Diagnostics, Eschborn, Germany and PRC: Renin III Generation, Cisbio Bioassay, Bagnols-sur-Cèze Cedex, France). Serum glucose was determined enzymatically (system: Hitachi 717 and reagents: Roche Diagnostics). The serum HbA1c concentration was determined by HPLC (Bio-Rad Diamat, Munich, Germany). The serum potassium concentration was measured by indirect potentiometry with ion-selective electrodes (QuikLYTE, Dade Behring, Eschborn, Germany).
Statistical analyses
For the comparison of the proportions of type 2 diabetes and MetS in MEPHISTO and SHIP1, we applied an individual 1:1 matching. The greedy matching algorithm, as implemented in a SAS macro (38) , was used to select controls among the 2454 SHIP1 participants. First, we determined controls for the 269 MEPHISTO patients with known type 2 diabetes status. The controls were matched to the patients based on four matching factors; sex, age (G5 years), BMI (!25, 25-30, and O30 kg/m 2 ), and blood pressure (!140/90, 140/90-160/100, and O160/100 mmHg). The 1:1 individual matching identified 250 pairs of patients and controls, which were further analysed. Second, we determined controls for the 183 MEPHISTO patients with known MetS status. The controls were matched to the patients based on three matching factors; sex, age (G5 years), and blood pressure (!140/90, 140/90-160/100, and O160/100 mmHg). As waist circumference is part of the MetS definition, BMI was not considered a matching factor in this analysis. The matching procedure identified one control to each of the patients, yielding a total of 183 pairs of MEPHISTO and SHIP1 participants. 
Results
Type 2 diabetes was significantly more frequent in PA patients than in the sex-, age-, BMI-, and blood pressurematched control population (17.2% vs 10.4%, PZ0.03; Table 1 ). In both cohorts glucose levels significantly correlated with BMI (MEPHISTO: rZ0.24, P!0.01 and SHIP: rZ0.27, P!0.01). Also HbA1c levels were higher in PA patients than in controls. In contrast, serum potassium levels were significantly lower in PA patients compared to controls. The increased prevalence of type 2 diabetes was also the major aspect contributing to the significantly higher prevalence of the MetS in PA patients (56.8% vs 44.8%, PZ0.02). Further, systolic blood pressure was higher in PA patients than in controls, despite blood pressure categories (!140/90, 140/90-160/100, and O160/100 mmHg) were used as matching criteria. However, the PA patients displayed a better lipid profile with higher HDL-and lower LDL-cholesterol levels than the matched control population. In addition, we compared the subgroup of normokalemic PA patients (nZ107) with matched controls from the SHIP1 cohort ( Table 2) . The normokalemic PA patients had still significantly lower potassium levels and a higher HbA1c, which was still in the normal range. However, the prevalence of type 2 diabetes in normokalemic PA compared to matched control patients was not significant any more (PZ0.56).
In 153 PA patients we assessed glucose metabolism by an OGTT at PA diagnosis. A high percentage (35.3%) of patients showed an abnormal OGTT: 41 patients (26.8% of the total cohort) had an IGT, whereas 13 patients (8.5% of the total cohort) were diagnosed type 2 diabetes (Table 3) . PA patients with an abnormal OGTT were significantly older, had a higher WHR and lower serum potassium levels than PA patients with a normal OGTT.
In a further analysis, we split the PA patients into hypo-and normokalemic cohorts. In total, 46.7% of our PA patients had the normokalemic variant of PA (Table 4) . Patients with the hypokalemic PA variant showed a significantly higher eGFR and higher glucose and insulin concentrations after 2 h of glucose intake (Table 4) . Potassium levels significantly negatively correlated with 2 h glucose levels in OGTT at baseline (Fig. 1) .
One year after initiation of PA therapy, we re-assessed a subsample of 38 PA patients without type 2 diabetes (27 patients with normal OGTT and 11 with IGT) and eight PA patients with type 2 diabetes at baseline. All PA patients showed normalized potassium levels, decrease of eGFR and a tendency in improvement of systolic and diastolic blood pressure (Table 5 ). In the cohort with IGT, treatment of PA significantly improved 2 h OGTT glucose levels (9.6G1.7-8.3G1.6 mmol/l, P!0.01).
Discussion
The main finding of our study is that type 2 diabetes is more prevalent in untreated patients with PA than in controls matched for sex, age, BMI, and blood pressure.
Moreover, also the MetS is more prevalent in patients with PA than in control subjects.
Several studies have investigated the prevalence of hyperglycemia in PA and whether markers of glucose metabolism differ between patients with PA, essential hypertension and normotensive subjects. However, the findings are inconsistent (12, 13, 14, 15, 16, 18, 19, 21) . Two smaller studies (nZ24 (14) and 63 subjects (15) ) and one large study (nZ1823 subjects (21)) reported no association between PA and glucose metabolism (including insulin sensitivity index, HOMA, or quantitative insulin sensitivity check index (QUICKI). The largest study in the field (21) , including 460 patients with PA and 1363 controls with essential hypertension reported no differences regarding proportions of hyperglycemia or fasting glucose levels. On the other hand, there is evidence that patients with PA have a disturbed glucose metabolism (13, 16, 18, 19) . Thirty PA patients had higher glucose, lower C-peptide levels and lower HOMA-bF index than 60 patients with essential hypertension (19) . Furthermore, proportions of hyperglycemia, increased HOMA and MetS were higher in patients with PA compared to patients with essential hypertension (16) as well as compared to Germany the type 2 diabetes prevalence was 13% and significantly lower than in the PA patients. Also in the present study, using prospectively collected data, the type 2 diabetes prevalence was higher in the German Conn's Registry (17.2%) than in the control population from the SHIP cohort from northern Germany (10.4%). The patients selected for the retrospective study (25) were on average 61 years old, while the prospective patients selected for the present study were younger, with an average age of 52 years. This strongly contributes to the lower type 2 diabetes prevalence observed in the present compared to the previous study. In the retrospective study (25) , patients and controls were matched for sex, age (G10 years), systolic (G10 mmHg), and diastolic blood pressures (G5 mmHg). As BMI was not considered as a matching factor, patients and controls differed regarding their anthropometry, with control subjects having higher BMIs (29.7G4.8 kg/m 2 ) than patients with PA (28.3G4.7).
In contrast, in the present study BMI was considered a matching variable and patients and controls did not significantly differ in their anthropometry. In general, the prevalence of type 2 diabetes is high in northeast Germany (26) . In the SHIP baseline study the type 2 diabetes prevalence was 11.2% for subjects aged 45-75 years (26) , corresponding to the proportion estimated in the controls for the present study. Thus, patients with PA have a significantly increased type 2 diabetes prevalence, even above that of a high-risk population. Moreover, the type 2 diabetes prevalence determined in patients with PA is in good agreement to data from France presenting a type 2 diabetes prevalence of 17% (21) . In that study, however, the type 2 diabetes prevalence was not significantly different from a large number of controls with essential hypertension (14%), however, the controls were only matched for age and sex and not for BMI. Several mechanisms for glucose metabolism impairment in PA have been discussed. These include increased Table 4 Characteristics of 152 MEPHISTO patients with OGTT and serum potassium concentration at baseline according to hypo-or normokalemia. The serum potassium concentration was not measured in one out of 153 prospective MEPHISTO patients.
Hypokalemia was defined as serum potassium concentrations !3.5 mmol/l. Data are meansGS.D. or n (proportion). Group differences were tested with Mann-Whitney U tests. inflammation, oxidative stress, and a lower b-cell function, including a decrease of b-cell mass caused by elevated aldosterone levels (19, 23, 39) . Insulin resistance in PA might also include direct aldosterone effects on insulin sensitivity in peripheral tissues. It has been described that aldosterone induces vascular insulin resistance, possibly via modification of proteins such as insulin receptor substrate 1, phosphatidylinositide 3-kinase, nitric oxide synthase, insulin-like growth factor 1 receptor, and the insulin receptor itself (40, 41) . We showed recently by i.v. glucose tolerance testing, involving 22 patients with PA, 11 matched essential hypertensive subjects, and 11 normotensive controls, that aldosterone excess impairs first-phase insulin secretion. Moreover, adrenalectomy was able to restore insulin secretion in those patients (42) . Furthermore, a diabetogenic effect of hypokalemia itself has been proposed (43, 44) . In our study, potassium levels significantly negatively correlated with 2 h glucose levels in OGTT, demonstrating that PA patients with hypokalemia had a worse glucose metabolic situation than PA patients with normokalemia. The important role of potassium influence on insulin secretion is endorsed by studies showing that thiazide-induced hypokalemia leads to diminished insulin secretion (45, 46) . More recently, the Atherosclerosis Risk in Communities Study demonstrated in 12 209 participants that there is an inversed association between serum potassium and risk of incident diabetes (47) . Also, in vitro data clearly showed that a decrease in potassium concentrations result in an inhibition of insulin secretion (48) . This explains the results of our cohort, demonstrating that the incidence of diabetes mellitus was lower in the subgroup of normokalemic compared to hypokalemic PA patients. Nevertheless, besides hypokalemia, direct effects of aldosterone excess might be involved in insulin regulation (49) .
The increased type 2 diabetes prevalence in our study cohort appears also to be the determining factor concerning the higher prevalence of MetS in our cohort. Eighty-five Italian patients with PA and 381 patients with essential hypertension were studied in a non-matched approach by Fallo et al. (16) showing also that fasting plasma glucose seems to be the major component of MetS in PA. The prevalence of MetS was surprisingly low in Italy (25-45% in PA patients and 20-30% in essential hypertensives (16, 50, 51) ) compared to our rates (56.8% in PA and 44.8% in controls). This might be due to national differences between Italy and Germany and/or due to the fact that we matched also for BMI. This is endorsed by data from the Czech Republic demonstrating a prevalence of MetS of 62% in bilateral and 34% in unilateral PA, and of 56% in essential hypertensives (52) . The serum lipid profile is an important parameter in MetS. In recent studies, no differences in the serum lipid profile were detected between PA patients and patients with essential hypertension (16, 18, 19) . However, those studies consisted of a low number of PA patients, which might have resulted in a loss (48) . Owing to the fact that up to now no studies have been published investigating a possible direct effect of aldosterone on lipid metabolism either in vitro or in vivo, it is pure speculation whether there is a causative correlation or if it is just the fact that PA patients are the healthier patients besides having PA.
The main shortcoming is a lack of investigation into potential mechanisms underlying the association between aldosterone excess and hyperglycemia. However, the present study is strengthened by the comprehensive and standardized data collection in the German Conn's Registry and in the SHIP study. This allowed us to perform a case-control study comparing patients and participants matched by sex, age, BMI, and blood pressure. Moreover, OGTT data was available in the PA patients, which additionally allowed us to assess prediabetic states. Unfortunately, only three centers of the MEPHISTO study performed baseline and follow-up OGTTs. Thus, our data may under-or overestimate the true diabetes prevalence in the PA patients. In SHIP1, prediabetic states were not assessed as there were no OGTTs. This restricted the comparison between PA patients and controls to manifest type 2 diabetes. Another limitation of our study arises from differences in laboratory methods used in MEPHISTO and in SHIP1, especially regarding the lipid profiles of patients and controls. In addition, time for blood drawing in the SHIP cohort was at any time from 0800 to 2000 h (rather than being restricted to morning hours), and hence the procedure for screening for PA was different from that for the PA patients and did not conform to established guidelines. A possible confounding factor might be the not strictly matched systolic blood pressure.
In conclusion, we describe that type 2 diabetes and MetS are more prevalent in patients with PA than in controls matched for sex, age, BMI, and blood pressure. This may explain in part the increased cardiovascular disease morbidity and mortality in PA patients.
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